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OXIDE-NITRIDE-OXIDE STRUCTU^tE 
FIELD OF THE INVENTION j 
The present invention relates to aon-volatile xnemoiy, cells in generai and 
pa^icuiarly to a. oxide-nitride-oxide (ONO) ^eture for i„,proved perfonnance o. 
5 non-volatile memory cells with non-condncting charge trapping ikyers. 

BACKGROUND OP THE INVENTION 
Nimde, programmable read only memory (NROA^) cells comprise an 
oxide-n^tride-oxide (ONO) charge-trapping layer. Hg. 1 illustratesia topical stmcture of an 
NROM non-volatile memory device. | 
» NROM devic 10 p„y includes a channel 12 fcnned ^ a sub^^e 14. Two diffi^o. 
-eas 16 and IS are px^ferably formed on elfter dd= of channel L in ^bs^ ,4, each 
difitoion a,.a having a juncion »itt channel 12. An oxide-nittdjoxide (ONO) layer 20 
a sandwich of a bottom oxide layer 20A. a niWde layer 20B and a top oxide layer 20C) 

i. preferably fon^ed a. leas, over channel .2. andapolysilicongarebispreferHblyfonned 
a, leas, over ONO laye. 20. NROM device ,0 may comprise «vo siparared and separarelv 
chargeable areas 23A and 23B in *e nioide layer 20B, each charg^ble area defining and 
storing one bit. One of the difflrsion areas ,6 and 18 serves as .he|drair. whrle the other 
serves as the source. In an .nay of NROM cells, the drain and soU r^y be comreoted .0 

bit Unes (not shown) and the gate may be connected ,0 a word line <1 ,h.,^^ 

^ the prior art, bon^m ox,de layer 20A is .ypically abou, iL thrck. nrtride laver 

.^..B is ,>picallv about 5 nnr drick, and top oxide layer 20C .s typicilly about 9 urn thrck 

Accordingly, the overall thrckness of ONO layer 20 is typically abo|rt 2, nm or 18 nm in 

electrical oxide equivalent tliickness. j 

I 
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Progranuning an NROM cell requires increasing the threshold voltage of the cell. 
Programming an NROM cell typically involves applying a positive voltage to the gale 22, 
and a positive voltage to the drain while the source is grounded, ihc programming voltage 
pulls electrons &om the source in a lateral field through cha4el 12. As the electrons 
accelerate towards the drain, they eventually achieve sufficient ejiergy to be injectBd in a 
vertical field into the nitride layer 20B, this being known as hot eleitton injection. When the 
drain and the gate voltages are no longer present, the bottom oxidb layer 20 A prevents the 
electrons firom moving back in to chaimel 12. ' 

Hot electron injection is the primary mechanism for programming the NROM cell. 
-Another mjection mechanism is Icaown as secondary election injection. Referring to Fig. 1, 
as indicated by arrow 3, some chamiel electrons e, (fiom the prirlaary mechanism) create 
hole and electron pairs through ionization of valence electrons in chUiel 12 or the drain (in 
the illustrated example, difiusion area 18 is the drain). The probab|lity of the ionization is 
denoted M, and it indicates the ratio between the channel cuirend and the hole substrata 



cmrent. 



Due to the positive potential of the drain, generated eleclrc^ ea is coUected (arrow 
11) by the drain. However, as indicated by anow 13. hole h^ accelerates towards 1he low 
substrate potential of substrate 14. On the way. another impact ! ionization may occur, 
creating another electron-bole pah: C3-h3 with probability M^. Hole k is pulled (arrow 15) 



• i^iii^ciii. nowever, electron < 



t esj, called the secondary 
electron, is accelerated (arrow 17) towards ONO layer 20 where, if jt has gamed sufficient 
energ>'. it is injected into the nitride layer 20B, this event having a prQbabilit>' of T. 
The current for secondary injection (Ig) is defined as: ! 

Ig = Is *M, *M2 *T ! 

I 
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Secondaiy injectioo may not be good for all types of memory cells. For NROM 
cells, enhancing secondaiy injection may degrade the operation of the cell and may be 
detrimental. . 

Erasing an NROM cell requires decreasing the threshold voltage of the cell. 
Erasing an NROM ceU, which is done m the same source/drain direction as programming, 
typicaUy involves applying a negative voltage to tlie gate 22 and 'a positive voltage to the 
drain, while the source may be floated. The negative gate voltage creates holes in tlie 
junction near the drain, typically through band-to-band tunneling. The holes are accelerated 
by the lateral field near the drain and the ONO layer 20. As the hol^s accelerate towards the 
drain, they eventually adxicve sufficient energy to be injected into the nitride layer 20B, this 
being known as tunnel-assisted hot hole injection. When the drain and the gate voltages are 
no longer present, the bottom oxide layer 20 A prevents the holes from moving back in to 
channel 12. 

There may be several problems involved with injecting channel hot electrons 
(CHE) in the operation of NROM cells. As more electrons I are injected into the 
charge-trapping layer, there is a wider distribution of Ihe electron^i in the charge-trapping 
layer. The wider distribution of electrons is more difficult to erase, and results in a poorer 
matching of the electrons and holes in the charge-trapping layer. The poorer matching may 
in tum lead to erase degradation of the cell after many operating cj^cles, themby reducmg 
cycling .>,L^..v.v.w i..v.,pv,LULca vf die ^ii. rmmermore, an mcrea^e in primary electrons 
injected into the charge^tiappmg layer correspondingly increases the probabilit>' of 
secondary injection. Another disadvantage is that higher currents ma>j be needed to program 
tlie cell. This may also reduce retention properties of the cell and incijease the probability of 
secondary injection. 
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SUMMARY OF THE INVENTION 
The pr=saa, invention seeks ,o provide an nnp„,ved ONO sta^cto. for 
non-volatile n^cmory devices wift oxide-niMde-oxide laye., sueh a., bu, no, lin,ired to. 
K-ROM devices. Alti^ugh d>e invention is ao, limited .o NROM devices, for *a sake of 
5 .implieity. ti.e invention wil, be descril»d hereinbe.ow ,v,d, reference to ^^<OM devices. In 
4e pt«ent invention, the top oxide layer may be tinckened. while the nitride layer and the 
bottom oxide layer may be thiruied. 

The increased thickness of the top oxide layer may have seve,., advantages. The 
thicker top oxide layer n,.y decrease ti,e capacitance bet^^en the gate and the 
0 chargc-trappi.-,g niulde layer. Ttc change in charge (AQ) stored in the charge-trapping layer 
is proportional to tire product of tins capacitance (C) and the change in tiu^shold voha^ 
(A%0, Tlis means tita, in order to attain tite same increase in threshold voltage CAV) as tite 
prior .ar, fewer electrons need to be injected into the nitride layerl In otiter words, when 
programming the cell, fewer electrons need to ^ injected tim^ugh tire bottont oxide laver 
into the nitride layer m order to achieve tire same increase in tire tin.sho,d voltage of tite 
cell. Likewise, when erasmg tite ceU. fewer holes need ^ be mjected through the bottom 
o.ide layer tnto tire nitride layer in order to achieve tire same decease tn tire tineshold 
voltage of the programmed cell. 

Some of tire advantirges of fewer elections/holes an= a naoower electron 

-,..o...c.o. anu a oenermatcmng of the electrons arrd holes in tire chargc-,rapp„.g lave, 

n>e better matching result in less erase de^adation after many operari.tg cvclcs. whtch 
toher resttits in better cyclmg and retennon properties of tite cell. The na,ro>ver electron 
distribution also restJts in a lower substrate cunent ft). The lower I. ,n tum „,h,ces effcct.s 
of secondary injection in tile NROM eeU. as is explamed flrrtiier hereinbelow. 
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An overall increase in the ONO layer may achieve faster programming/erasing 

speeds. 

There is thus provided in accordance with a preferred embodiment of the present 
invention a method for fonning a non-volatile memory device, the method including 
forming an oxide-nitride-oxide (ONO) layer over a portion of a substrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a nitride layer intermediate the bottom 
and top oxide layers, and managing movement of at least one of electrons and holes from 
the substrate towards the ONO layer by controllmg a thickness of at least one of the bottom 
oxide layer, the nitride layer and the top oxide layer, wherein the top oxide layer is at least 
1 .5 times thicker than the bottom oxide layer. 

Tlie method may include forming a thickness of the top ojdde layer in a range of 
approximately 6-20 nm. The nitride layer thickness may be in ajrange of approximately 
1 -2 nm. The bottom oxide layer thickness may be in a range of approximately 4-5 nm. 

hi accordance witli a preferred embodiment of the pi^nt invention the top oxide 
layer is at least three times thicker than the nitride layer. 

Further in accordance with a preferred embodiment of the present invention the top 
oxide layer is approximately 3-20 times thicker than the nitride layerj 

In accordance with a preferred embodiment of the present invention the top oxide 
layer is at least 1 .5 times thicker than the bottom oxide layer. 

^^^ici 1" accoroance wim a preterred embodiment of the present invention the top 
oxide layer is approximately 1 .5-4 times thicker than the bottom oxide layer. 
Still farther in accordance with a preferred embodiment of the present invention the top 
oxide layer is at least half of an overall thickness of the ONO layer. ; 
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There is also provided in accordance .vith a preferred embodiment of the presem 
invention a method for fonning a non-volatile memoi^- device, the metliod ix,cludmg 
fonning an oxide-nitride-oxide (ONO) layer over a portion of a substrate, the ONO layer 
mcludmg a bottom oxide layer, a top oxide layer and a n.tride layer mtennediate the bottom 
5 and top oxide layers, fomiing a gate over at least aportion of tihe ONO layer, aod decreasing 
a capacitance betvv^n the gate and the nitride layer by controlhng a thickness of at least one 
of the bottom oxide layer, the nitride layer and the top oxide layer, wherem the top oxide 
layer is at least 1.5 times tiiicker than the bottom oxide layer. 

There is also provided in accordance with a preferred embodiment of the present 
mvention a method for fonning a non-volatile memory devtce. the method includmg 
fonning an oxide-nitride-oxide (ONO) layer over a portion of a substrate, the ONO layer 
including a bottom oxide layer, a top oxide layer and a mteide layer mtetnaediate the bottom 
and top oxide layers, fonning a gate over at least a portion of the ONO layer, and inciting 
a tlireshold voltage of the non-volatile memory device per ntimbex of electrons injectable 
into tiie nitride layer by controlhng a thickness of at least one of the bottom oxide layer the 
nitride layer and the top oxide layer, v^herein the top oxide layer is at least 1 .5 times thicker 
than tlie bottom oxide layer. 

There is also provided in accordance with a preferred embodmiem of tlie presem 
invention a method for forming a non-volatile memory device, the n,ethod mcluding 

— formino g.Ti oxide . jiilriWn nvi^^ /■nt , Jr^\ i .. , - „ ,. ■ . 

^ ^ ^ puriiun oi a simstrate. the ONO layer 

mcludmg a bottom oxide layer, a top oxide layer and a nnride layer uncnnc.Uatc the bottom 

and top oxide layers, formmg a gate over at least a portion of tire ONO la> er, and decreasing 

a threshold voltage of the non-volatile memory device per number of holes injectable into 

the mtride layer by controlling a thickness of at least one of tiic bottr.u oxide layer, the 
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nitride layer and the top oxide layer, .^erei^ the top oxide layer is at least 1.5 times thicker 
tlian the bottom oxide layer. 

There is also provided in accordance with a prefen^ embodiment of the present 
invention a method for fonnrng a non-volatile memory device, the niethod including 
forming an oxide-nitride-oxide (ONO) layer over a portion of a iubstrate, the ONO layer 
mcluding a bottom oxide layer, a top oxide layer and a nitride layer intermediate the bottom 
ai.d top oxide layers, fomnng a gate over at lea^ a portion of the ONO layer, and nanrowing 
a distribution of electrons injectable into the nitride layer by controlling a thickness of at 
least one of ihe bottom oxide layer, the nitride layer and tlae top oxide layer, vvhexein the top 
o>jdc layer is at least 1 .5 tiiaes thicker thaii tlae boLlum oxide layer. ! 

There is also provided in accordance ^vith a prefen-ed em|x>diment of the present 
invention a method for forming a non-volatile memoxy device^ the method including 
fomaing an oxide-nitride^xide (ONO) layer over a portion of a substi^te, the ONO layer 
mcludmg a bottom oxide layer, a top oxide layer and a nitride layer intem^ediate the bottom 
and top oxide layers, fornnng a gate over at least a portion of the ONO layer, and improving 
a matching of electrons and holes injectable into tire nitride layer by contrx>lling a thickness 
of at least one of the bottom oxide layer, the nitride layer and the top oxide layer, wherein 
the top oxide layer is at least 1 .5 times thicker than the bottom oxide layer. 

There is also provided in accordance with a prefen^d embodiment of the present 
. , • ^^^^ 



Lcviue, uie memod inciudmg 



foz^me an oxide-nitride-oxrde (ONO) layer over a portion of a .substrate, the ONO laye 
u^chrding a bottom o.>dde layer, a top oxide layer and a nitride layer rjatermcdiate the bottom 
azad top oxide layers,, fomring a gate over at least a portion of the ONb layer, and enabling a 
reduction of operatronal current in the si.bstrate by controlling a thiciaress of at least one of 
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the bottom oxide layer, the nitride layer and the top oxide layer, wjiereia the top oxide layer 
is at least 1 .5 times thicker tlian the bottom oxide layer. 

There is also provided in accordance with a preferred embodiment of the present 
invention a method for operating a non-volatile memory device, the method including 
providing an oxide-nilxide^xide (ONO) layer over a portion of a substrate, the ONO layer 
includitig a bottom oxide layer, a top oxide layer and a nitiide layer intermediate the bottom 
and top oxide layers, applying operating voltages to the non-volatile memory device, and 
coutroUing the operating voltages by controlling a thickness of at least one of the bottom 
oxide layer, tiae nitride layer and the top oxide layer, wherein the top oxide layer is at least 
1 .5 times thicker tliaii tlic bottom oxide layer. 

There is also provided in accordance with a preferred embodiment of the present 
invention a non^volatile memory device including a channel fonbed in a substrate, two 
diffiision area5 formed one on either side of the cliaimel in the substrate, each difiusion area 
liavinp a junction with the chamiel, the channel being adapted to pemiit movement of 
pnmary electrons to at least one of the diffiision areas, and an oxide-nitiide-oxide (ONO) 
layer formed at least over the channel, the ONO layer including a bottom oxide layer, a top 
oxide layer and a nitride layer intermediate the bottom and top oxide layers, wherein a 
thickness of at least one of the bottom oxide layer, the nitride layer aiid the top ox.de layer is 
adaptt^,d to manage movement of at least one of electrons and holes from the substrate 
-0-.-n.vLi ii_ 0:,0 l^j^., wh^x».iii liic lup uxiae layer is ar least J.5 times thicker than the 
boitiim oxide la\-er. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be understood and appreciated more fuUy fix,m the 
iollo^vx^g detailed description taken in conjunction with the appended drawings in whidi: 

Fig. 1 is a simplified illustration of a typical structure of an NRQM non-volatile 
memory device of tlie pnor art; 

Fig. 2 is a simplified illustration of a non-volatile memon' device v^dth a modified 
ONO layer, constructed and operative in accordance with an embodiment of the invention; 

Fig. 3 is a simplified graphical illustration of a comparison of piogramming drain 
voltages for the memory de^^ice of Fig. 2 versus the prior art NROM device of Fig. ] ; 

Fig. 4 is a simplified graphical illustration of a comparison of erasing speed for the 
memor>' device of Fig. 2 versus the prior art NROM device of Fig. 1; 

Fig. 5 is a smiplified graphical illustration of a comparison of substrate current for 
me memory device of Fig. 2 versus the prior art NROM device of fig. i; and 

Fig. 6 is a simplified graphical illustration of a comparison of the erase 
;x-i i onnance, after many cycles, of the memoty device of Fig. 2 versus the prior art NROM 
device of Fig. 1. 
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DETAILED DESCRIPTION OF THE PRESENT INVENTION 

Reference is now made to Fig. 2, ^±ich iUustrates a non-volatile memory device 
30, such as ax. NROM device, corseted and operative in accordance with an embodiment 
of tlie invention, 



Memory device 30 preferably mcludes a channel 32 formed in a substrate 34. Two 
diffiision areas 36 and 38 are preferably foraged on either side of cfiannel 32 in substrata 34. 
each diffusion area having a junction witli channel 32. An oxide-nitride-oxide (ONO) layer 
40 (i.e., a sandwich of a bottom oxide layer 40A, a mtride layer 40B and a top oxide layer 
40C) is preferably fom.ed at least over chaxmel 32, and a polysilieon gate 42 is preferably 
fonned at Iea.t over ONO layer 40. Memor,^ device 30 may comprise two separated and 
separately chargeable areas 43A and 43B in the nitride layer 40B, each chargeable area 
defining and storing one bit ' 

In accordance ^vith an embodiment of the invention, the tdp oxide layer 40C may 
be thicker thaxa the prior art. Optionally, the nitride layer 40B arid the bottom oxide layer 
40A may be thinner. One set of possible thicknesses for the layers, although the invention is 
not limited to these values, is as follows: tlie top oxide layer 40C - 6^20 nm, the nitride layer 
40B - 1 -2 nm. and the bottom oxide layer 40A ^ 4-5 nm, As anotheil example, the top oxide 
layer 40C made be made thicker such that the overall thickness of 0NO layer 40 is greater 
thaxa the piior art, such as, but not limited to, about 22-30 mn. hi lenns of ratios, the top 
- Hr ]?ymr "CC may Si l.^t diicKcr ^e.g.. m the range of approximately 3-20 

times tlncker) than rhe mtnde layer 40B T].e top uxtde layer 40C may be at lea.t 1,5 Umes 
ui.cker ,e.o., the range of approxunateh- 1.5-4 tmies thicker) than the bottom oxide layer 
40A. The top oxide layer 40C may comprise at least half of the overall thickness of ONO 
laver 40 
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The modification in the layer thickness may be constrained by certain limitations. 
For example, the minimum thickness of the bottom oxide layer 40A may be constrained by 
a minimum requirement for protection against direct tunneling cjutt^nt from nitride layer 
40B to substrate 34. The minimum thickness of the nitride layer 40B may be constrair^ed by 
a mmimum requirement for charge trapping capability in ONO layei- 40. The thickness of 
the top oxide layer 40C may be dictated by functionality requirements, such as, but not 
limited to, threshold voltage, for example. i 

Reference is now made to Fig. 3, which is a grapliical illijstration of a comparison 
of programming drain voltages for the memory device 30 versus th^ prior art NROM device 
10 of Fig 1 in a mini-airay configuration. The Uiicker ONO stack (ONO layer 40) may 
result m smaller programming voltages, which means that lower kt line voltages may be 
used to program memoiy device 30 as opposed to the prior art N^OM device 10. Fig. 3 
illustrates programming the NROM devices with a gate voltage o^ 9 V for 2 ^;s, although 
the invention is not limited to these values. As seen in Fig. 3, in order to program the cell 
with an increase of 1,6 V in the threshold voltage, the memory device 30 of the present 
invention may require a drain voltage of only 5.4 V (graph 44) as opposed to Hie prior art 
NROM device 1 0 which may require a drain voltage of 6.0 V (gr^h 46). Thus the present 
mventnon reduces the programimng voltages that are required to achieve a give threshold 
voltage, and increases the programming speed. Reference is now mJde to Fig. 4, which is a 

prririhir.^1 i11'iqTraijon of r.nmnr,ri^m ; « . 

""^ ^.^^^ cy^^j. iui ulc memory aevice 30 versus tlie 

poor art NROM device 10 of Fig. 1, wherein the overall thickness of the ONO layer of the 

memory device 30 is greater tlian the prior ait NROM device 10. Curve 52 of Fig. 4 

illustrates erasing the memory device 10 of the prior art with a gatd voltage of -3 V and a 

drain voltage of 6 V for 250 ^s. Curve 50 of Fig. 4 illustrates eiasm^; the NROM device 30 
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of the present invention with the same negative gate voltage of -3 V, and the same drain 
voltage of 6 V, for 250 ^s, although the invention is not Umited to these values. It is seen 
that for the same negative gate voltage, it may take about 10 times longer to erase the 
NROM device 30 of the present invention than to erase the memory device 10 of the prior 
art. However, for these erasure voltages, the vertical field of the memory device 10 of the 
prior art is different than the vertical field of the KROM device 3 J of the present invention. 
A comparison of the two devices with equal vertical fields may be seen in curve 48 of Fig. 
4. Curve 48 illustrates erasing the NROM device 10 of the prior art with a gate voltage of 
-1.125 V and positive drain voltage of 6 V for 250 fis, which results in snbstantiaHy the 
same vertical field associated with curve 50. It is seen that for the same vertical field, the 
NROM device 30 of the present invention may be erased about 10 times faster than the 
memory device 10 of the prior art. 

Fewer holes need to be injected through the bottom oxide layer 40A into the nitride 
layer 40B in order to achieve the same decrease in the threshold i voltage of the memory 
device 30, thereby achieving the faster erase speed. 

Reference is now made to Fig. 5, which is a graphical Ulustration of a comparison 
of substrate current for the programmed memory device 30 versus the prior art 
programmed NROM device 1 0 of Fig. 1 . Curve 54 of Fig. 5 illustrates versus gate vohage 
for the programmed memory device 30 of the present invention. Ta contrast, curve 56 of 
Fig. 5 illustrates I, versus gate voltage for the programmed NROM device 10 of the prior 
art h IS seen that for the same gate voltages, the 1, for the programmed memory device 30 
of tlie present invention is lower by about an order of magnitude than the I, for the 
programmed NROM device 10 of the prior art. The lower I, in turn reduces effects of 
secondary injection in the memory device 30. 



Reference is now made to Fig. 6, vAiich is a graphical illustration of a comparison 
of the erase performance, after many cycles, of the memory devipe 30 versus the prior art 
NROM device 10 of Fig. 1. Curves 58A and 58B of Fig. 6 iliustraije the degradation in erase 
of the NROM device 10 of the prior art after about 10,000 cyclesj It is noted tliat there is a 
degradation of over 1 V. The degradation may be due to a wide electron distribution and the 
secondary' injection mechanism. In contrast. Curves 60A and 60^ of Fig. 6 illustrate the 
degradation in era.se of the memory device 30 of the present invention. Virtually no 
degradation is seen after about 10,000 cycles. The better matching Uults in better retention 
and cycling properties of the memory device 30. i 

It will be appreciated by persons sidlled in the art that th^ present invention is not 
limited by wha£ has been particularly shown and described herein jabove. Rather the scope 
of the invention is defined by the claims that follow: I 



